In this paper, sol-gel processing route has been applied and investigated for the conservation of steel. Nanosilica coatings on steel surface have been prepared using tetraethylorthosilicate (TEOS) as a starting material. The methyl-modified silica sols were obtained by mixing of 3 mas.% SiO 2 sol solution with hexamethyldisilozane (HMDS). The surface of steel was coated by dip-coating technique. In order to compare the characteristics of coatings, the steel substrates were also coated with commercial polymers Paraloid B67, Cosmolloid H80 and Antik Patina. The surface morphology changes of the uncoated and coated specimens before and after photochemical ageing were investigated by scanning electron microscopy and atomic force microscopy. The structure of the prepared coatings was also investigated by FTIR spectroscopy. The hydrophobicity of surfaces was evaluated by contact angle measurements. Potentiodynamic measurements were obtained in order to compare corrosion parameters of the coatings.
I. Introduction
The science of conservation chemistry has been widely developed in the last decades. Various new materials were suggested and applied in conservation and restoration of metals. An increased resistance of metals and alloys to corrosion is generally obtained by the formation of a protective layer isolating the substrate from the surrounding oxidant atmosphere [1] . Diverse protective coatings, such as nitrides, carbides, silicides or transition metal oxides, have been already deposited on steel [2, 3] . Mild steel is inexpensive and widely used structural material in several applications [4] . It has, however, limited service life unless effective measures are taken to improve its corrosion and wear resistance properties [5] [6] [7] [8] [9] [10] . Ceramic based coatings are increasingly used for range of industrial applications to provide wear and erosion resistance and corrosion protection [11, 12] .
Sol-gel coatings are good alternatives to toxic treatments for corrosion protection of metallic cultural heritage objects. Their main action is to act as physical barriers against aggressive environments [13] . The first studies were focused on the formation of pure inorganic sol-gel films [14, 15] . These studies have shown that after the deposition films have to be treated in high temperature. Moreover, it was difficult to obtain thick coatings without cracks. In 2004, Ono et al. [16] showed that adding organic compound to the matrix eliminates cracking. Moreover, heat treatment can be lowered after the sol deposition and films are more flexible as well as denser. Hence, hybrid sol-gel coatings have been widely developed. Van Ooij et al. [17] and Wang et al. [18] reviewed recent advances made with this technology. Besides that, methyl-modified sol-gel coatings for the conservation of copper has already been described recently [19] . Namely, the use of this technique for coating metals was essentially aimed at testing the capability of sol-gel coatings to improve the oxidation and corrosion resistance of the substrate [20] [21] [22] . However, other examples of applications have been reported. Sol-gel technique is widely used in conservation of glass, stone and other materials. The use of this technique in conservation of metals is not widely investigated yet. The most important advantages of the sol-gel method for this kind of application are: lower processing temperature, no limits in the size or shape of the substrates, the possibility of work in a continuous process in normal atmospheric conditions, homogeneous and constant thickness, high control of the film composition and low costs in the equipment and process in general [23] .
The aim of this work was to investigate and apply solgel technique for the preparation of protective coatings on steel substrate. Hybrid silica coatings have been prepared using dip-coating technique. Methyl groups were used as silica modifiers in order to increase protective and hydrophobic properties of the coating. Polymeric and bitumen coatings -Paraloid B67, Cosmolloid H80 and Antik Patina that are used in conservation of metals were also deposited on the surface of steel in order to compare their properties with the prepared silica coatings. All the measurements were performed before and after the photochemical ageing.
II. Experimental

Preparation of sols and solutions
Tetraethylorthosilicate (TEOS, Fluka, ≥98%) was used as a precursor to prepare colloidal silica sols. Ethanol (EtOH) and NH 4 OH were used as a solvent and catalyst, respectively. Precursor silica sol, with the concentration of 3 mas.% SiO 2 , was obtained by alkaline catalysis as previous study [19] revealed that this method is more perspective in metal conservation rather than acidic one. The molar ratio of components TEOS:NH 4 OH:H 2 O:EtOH during alkaline catalysis was 1:0.2:2.97:34.72. In order to complete the hydrolysis, the obtained SiO 2 sol was aged for 19 days at 25°C and used in further coating and modification process. The modification of colloidal nano-silica was performed by adding 8 mas.% of hexamethyldisilozane (HMDS; Sigma Aldrich, ≥98%) to the prepared alkaline sol. The alkaline and methyl-modified sols were used to obtain the coatings on steel substrate. Polymeric and bitumen coatings -Paraloid B67, Cosmolloid H80 and Antik Patina (Kremer Pigmente GmbH & Co) that are used in conservation of metals were also deposited on the surface of steel. The solvents and concentrations have been chosen considering the conservators' recipes: 1 mas.% Paraloid B67 in acetone, 6 mas.% Cosmolloid H80 in toluene and 10 mas.% Antik Patina in white spirit. Solutions were aged at a room temperature (25°C) for 2 days.
Preparation of films
Steel substrates (1 × 1.5 cm, 0.5 mm thick steel foil, Alfa Aesar) were treated mechanically with aluminium oxide paper and then washed with ethanol. Different protective coatings were attained on the steel plates by the dip-coating process. The dip-coating was performed by immersing the pre-treated steel substrate into the sol or solution (polymeric, bitumen, etc.) by the speed of 85 mm/min. The specimen retained in the sol-gel solution for 20 s and followed by withdrawal of the pretreated steel substrate from the solution by the speed of 40 mm/min. The process was performed in a constant temperature and atmosphere in a laminar box.
Characterization
The coatings were characterized by contact angle measurements, atomic force microscopy (AFM), scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX), infrared spectroscopy (FTIR) and electrochemical measurements. The contact angle was measured with Contact Angle Meter KSV Instruments CAM -100. The static water contact angles were measured at ten different positions for each sample, and the average value was admitted as the contact angle. Characterization of the coatings was also performed using FTIR (Perkin Elmer Frontier FT-IR with ATR module) spectroscopy. Optical subsystem was used to capture the profile of pure liquid on a solid substrate. AFM (Bioscope II, Veeco) was used to obtain topographic images and investigate the morphology of the samples. Hitachi TM3000 scanning electron microscope with INCA energy dispersive spectrometer (Oxford Instruments) was used to obtain SEM images and perform EDX analysis. Electrochemical measurements were performed using a standard three-electrode electrochemical cell with auxiliary Pt electrode and silver/silver chloride reference electrode. Standard electrochemical potential of AgCl is E
• Ag/AgCl = 0.197 V. Electrochemical parameters, j corrcorrosion current, E corr -corrosion potential, R p -corrosion rate resistance, were obtained. The potential at which the current reaches its maximum, the current in the region where there is a little change in current with potential and the potential at which the current begins to increase again are used in materials selection of design of corrosion control systems. Reversing the scan to determine the potential at which the reverse scan crosses the forward scan provides information on the tendency of the metal to pit.
Artificial ageing
All obtained coatings were exposed to artificial ageing in a photochemical reactor. Philips luminescence lamps PL-9W110 of 40 W that emit in the range of 350-400 nm were used in a photochemical reactor. The specimens were placed 0.5 cm above the lamps. The temperature in the reactor was 40°C and relative humidity 17%. The samples had been aged for 28 days. III. Results and discussion
Contact angle measurements
Coated samples were aged in a photochemical reactor under the conditions described in the Experimental part. Periodical photo-fixation and contact angle measurements have been performed. Considering the visual observations, steel substrates were not affected rapidly. However, the coatings became more opaque. In order to ascertain the influence of artificial ageing on the hydrophobicity, the results of contact angle measurements have been summarized in Table 1 . As can be seen, the contact angle value of the uncoated steel substrate is 88.9°and decreased up to 84.6°after the 14 days of photochemical ageing. Moreover, the value slightly decreases up to 79.1°during the next 14 days. The materials widely used in conservation of metals and other cultural heritage objects were also used for the preparation of coatings on the surface of steel in order to compare the characteristics of coatings obtained from nanosilica. Apparently, the coatings that are obtained from Cosmolloid H80 and Antik Patina are hydrophobic as the contact angle values before the photochemical ageing were 128.5°and 96.8°, respectively, i.e. higher than 90°. However, the contact angle value of coating with Paraloid B67 was lower (90.8°) and can not be attributed to the hydrophobic ones. The contact angle values of these coatings decreased only in the first stage of photochemical ageing (14 days) as extending the period of artificial ageing only slightly affected the hydrophobic properties of these coatings.
The least value of contact angle (65.2°) was determined for the unmodified nano-silica coating obtained from alkaline SiO 2 sol. This might be associated with existence of hydrophilic -OH groups on the surface of nano-silica [24] . Obviously, the results demonstrated that contact angle value of the SiO 2 coatings on steel decreased gradually until 35.2°during the photochemical ageing. Surprisingly, the contact angle value significantly increased after modification of nano-silica surface with the HMDS and reached 150.7°. The coating is also affected by photochemical ageing and the value of contact angle decreased to 142.9°after 14 days. The HMDS modified coating on steel surface remained hydrophobic even after photochemical ageing for 28 days. The images of water drop on the steel surfaces coated with nano-silica modified with HMDS are shown in Fig. 1 .
The results of contact angle measurements revealed that all coatings were differently affected by photochemical ageing. Namely, the SiO 2 , Paraloid B67 and Antik Patina coatings on steel substrate are not suitable for its conservation since hydrophilic coatings are formed after the photochemical ageing. The coating, obtained from Cosmolloid H80 was hydrophobic before (128.5°) and after the photochemical ageing (103.8°). However, the highest contact angle value before and after the photochemical ageing was stated in the SiO 2 coating modified with HMDS (∼150°). However, for the final conclusions more physico-chemical characterizations of surfaces were performed and are presented in the next subsections.
Atomic force microscopy
Three-dimensional topographic AFM images of the uncoated and conservated steel specimens are presented in Figs. 2 and 3 . Obviously, the surfaces of the uncoated and coated specimens with polymers are rough with well pronounced scratches. However, these rapid scratches are related only to the surface of specimen which was affected during the cleaning process, i.e. polishing the steel substrates with aluminium oxide paper. However, the determined morphology of the nano-silica coatings modified with HMDS was different. Evidently, the obtained coatings are more even, the scratches of specimens are not visible. It is interesting to note, that photochemical ageing did not affect the roughness of the surfaces. Thus, according to the AFM measurements, it can be concluded that even coatings on the steel substrate could be obtained by dip-coating in the methyl-modified nano-silica gels. The roughness of the scratched surface is reduced to the minimum by applying this coating processing.
FTIR spectroscopy
The structure of the coatings was evaluated by FTIR spectroscopy. The spectra of the polymer coatings are not added due to widely investigated properties of polymer coatings in scientific articles [25] [26] [27] [28] [29] [30] .
FTIR spectra of the pure SiO 2 and SiO 2 modified with HMDS before the photochemical ageing are presented in Figs ) and symmetric Si-O (793 cm -1 ) are seen in the spectra. It can be stated that addition of HMDS decrease the intensity of wide and not intensive band at 3450-3400 cm -1 which indicates -OH group. Thus, a part of these groups is associated with vibrations of C-H bonds. In the pure SiO 2 coating, absorption bands of Si-O, C-H or O-H remain after the photochemical ageing (Fig. 4b) . However, additional bands appear in the range of 1500 cm -1 to 1700 cm -1 . The exact origin of these bands is not known. However, the presence of these bands indicates the destruction process in the coating. On the other hand, FTIR spectrum of SiO 2 modified with HMDS remains unchanged after the photochemical ageing ( 
Scanning electron microscopy
SEM analysis was used to investigate morphological features of the uncoated and differently coated steel surfaces before and after the photochemical ageing. It is clearly seen, that the surface of the uncoated steel substrate (Fig. 5) is composed of differently oriented lines and traces originated from the surface preparation and cleaning procedure. Some black spots could be also detected on the surface of the steel surface. Figure 6 presents the SEM images of the SiO 2 coating on the steel substrate prepared using alkaline conditions. Clearly, the steel surface before ageing is scratched, however, the traces are spread in a parallel manner. So, the coating gradually covers the scratched areas and partially repeats the roughness of the surface. No cracks or fractures are noticed during the morphological study of this specimen. Moreover, coating is very uniform even after the photochemical ageing (Fig. 6b) . However, the morphology of the coating is slightly affected by the appearance of small dark spots on the surface.
SEM images of the steel substrates covered with the polymer coatings are shown in Fig. 7 . Noticeably, the coatings, obtained from Cosmolloid H80 and Antik Patina before the photochemical ageing, are uniform oppositely to the coatings obtained from Paraloid B67 which were strongly cracked. After the photochemical ageing intensive dark spots appeared in the coatings obtained from Cosmolloid H80 and Antik Patina. However, the poor quality coatings obtained by dipping the The SEM micrographs of the SiO 2 coatings prepared using alkaline sol-gel conditions and modified with HMDS are shown in Fig. 8 . The microstructure of this coating slightly differs from that without HMDS. It is noticed that the surface is smooth and even with some slightly visible horizontally parallel scratches. Moreover, the rare dark spots on the coating observed after the photochemical ageing are smaller. Besides, the specific network of light spots, having size of 1-5 µm, was formed on the surface of the coating. The origin of this phenomenon is not clear, but might be associated with better hydrophobic characteristics of the HMDS modified nano-silica coatings.
The EDX analysis of different areas of the samples was also performed. The interest was focused on distribution of concentration of carbon, nitrogen and silica in the coatings. The EDX analysis data confirmed the presence of main elements in the corresponding coatings. However, the results of EDX analysis were scattered and did not provide any additional information. Moreover, EDX method is not very accurate quantitative method for measuring lightweight atoms.
Potentiodynamic polarization measurements
Corrosion parameters of the uncoated specimen and coatings on steel substrate were evaluated by performing potentiodynamic polarization measurements.
Polarization curves recorded on the alkaline SiO 2 , SiO 2 :HMDS and polymer coatings before the photochemical ageing are shown in Fig. 9 . The calculated data of corrosion parameters before and after the photochemical ageing is presented in Table 2 . As seen (Table 2 and Fig. 9 ), before the photochemical ageing the worst corrosion parameters are found for the uncoated steel specimen. Namely, the coated steel specimens are better protected from the environmental impact than the un- ; E corr = −0.175 V; j corr = 9.5 µA/cm 2 ). Among these coatings, Paraloid B67 and Antik Patina do not protect the steel surface enough as corrosion parameters changed rapidly after the photochemical ageing. The data of the Cosmolloid H80 coating intensely decreased after the photochemical ageing as well. The alkaline 3 mas.% SiO 2 coating after the ageing retained or only slightly changed the corrosion parameters. Assuming all electrochemical data, it can be concluded that the nano-silica modified with HMDS coating can be successfully applied for the protection of steel surface as all the corrosion parameters after the photochemical ageing remained in good quality.
IV. Conclusions
The novel sol-gel route for the conservation of steel surface was suggested. The methyl-modified silica coatings were obtained using tetraethylorthosilicate (TEOS) as a precursor and hexamethyldisilozane (HMDS) as modifying agent. It was demonstrated that coating obtained from alkaline 3 mas.% SiO 2 and modified with HMDS are highly hydrophobic with contact angle of 150.7°. For the comparison, the steel substrates were also coated with commercial polymers Paraloid B67, Cosmolloid H80 and Antik Patina which are used in the conservation of cultural heritage. Among the polymeric coatings Cosmolloid H80 showed the highest contact angle value (128.5°). Morphological SEM investigations revealed that after the photochemical ageing intensive dark spots appeared in the coatings that are obtained from Cosmolloid H80 and Antik Patina. Moreover, the coatings obtained from Paraloid B67 were strongly cracked before and after ageing. The microstructure of the nano-silica coatings modified with HMDS was different with smooth and even surface. Moreover, the specific network of light spots, having size of 1-5 µm was formed on the surface of the coatings after the photochemical ageing. Evaluation of the photochemical impact indicated the degradation of hydrophobicity and corrosion parameters in all coatings. However, the best electrochemical data is retained in the SiO 2 coating modified with HMDS. It can be concluded that protective HMDS modified silica coatings on steel substrate could be applied for the conservation of steel at ambient conditions.
